We aimed to develop a photoassisted electrochemical etching process for the formation of GaN porous structures. Pore linearity and depth controllability were strongly affected by the anode voltage. In addition, the use of light with an energy below the band gap played an important role in controlling the pore diameter. Spectro-electrochemical measurements revealed that the high electric field induced at the GaN/electrolyte interface caused a redshift of the photoabsorption edge. This specific phenomenon can be explained by a theoretical calculation based on the Franz-Keldysh effect. On the basis of the results of our experimental and theoretical analyze, we propose a formation model for GaN porous structures. We also note that the application of the Franz-Keldysh effect is useful in controlling the structural properties of GaN porous structures.
Introduction
Gallium nitride (GaN) and its alloys are attractive building block materials for various functional devices, such as light-emitting diodes (LEDs), 1, 2) laser diodes, 3) solar cells, 4) and so on. 5, 6) One promising approach for improving device performance is the formation of nanostructures with unique physical and optical features. Most reported GaN nanostructures have been formed using a selective-area growth 7, 8) or dry etching process such as reactive-ion etching (RIE). 9, 10) There are, however, severe limitations on increasing the density of nanostructures, because most approaches use lithography to define the size and position of the nanostructures. Furthermore, when a dry etching process is involved, the etching damage induced by ion bombardment is considerable [11] [12] [13] and could significantly degrade the device performance.
One alternative approach is an electrochemical fabrication process, which can form various semiconductor nanostructures in a self-assembled fashion. The most well-known application of such an electrochemical process is the formation of porous structures by anodic etching, in which a high-density array of nanometer-or micrometer-sized pores is formed with high productivity over a large area on the semiconductor surface. [14] [15] [16] [17] [18] In addition, optical properties are significantly enhanced by the formation of porous structures. 19, 20) These features are very promising for use in functional devices mentioned above.
The electrochemical conditions including applied bias and electrolyte solutions have been investigated with regard to the formation of GaN porous structures. 21) Thus far, however, the controllability of structural properties such as the pore diameter and depth has been inadequate. 22, 23) One reason for the difficulty in structural control is that a photoassisted electrochemical process is commonly used, and this formation process becomes more complicated as the illumination generates a supply of photocarriers. 24) In this study, therefore, we aimed to develop a photoassisted electrochemical etching process for forming GaN porous structures with better structural controllability. Spectro-electrochemical measurements were also conducted to clarify the relationship between photoabsorption and the electrochemical reaction.
Methods
An n-type GaN substrate (N D = 1 × 10 18 cm −3 ) with a thickness of 400 µm was used in this study. Gold (Au) was deposited at one corner of the back surface to supply an electrochemical current. A custom-made electrochemical cell was used to form porous structures and conduct spectro-electrochemical measurements, as shown schematically in Fig. 1 . The electrochemical cell consisted of three electrodes: an n-type GaN working electrode (WE), a Pt counter electrode (CE), and a Ag/AgCl reference electrode (RE). We used a mixture of 1 mol/L H 2 SO 4 and 1 mol/L H 3 PO 4 as an electrolyte. The GaN porous structures were formed under various electrochemical conditions by varying such parameters as the anode voltage V a , anodization time t a , and light conditions. A xenon (Xe) lamp with an optical filter was used as the light source. The structural properties of the porous structures were evaluated by scanning electron microscopy (SEM) with a Hitachi SU-8010 system. The spectro-electrochemical properties were evaluated by measuring the transmittance of light irradiated from the back surface with an Ocean Optics HR4000CG-UV-NIR spectrometer, under a voltage applied in the same setup shown in Fig. 1 .
Results and discussion

Formation of GaN porous structures
Before applying the photoassisted electrochemical process, the anode voltage condition was first optimized in the dark. Figure 2 shows current-time curves obtained during anodization at various anode voltage V a values. At the initial stage of electrochemical reactions, anodic currents increased for one hundred seconds or more. The slope of the curve increased with V a ; in other words, the reaction rate increased with V a . In addition, we found that anodic currents saturated for the data obtained at V a = 8 and 10 V, but they kept increasing at V a = 15 V. These results indicate that the reaction rates at V a = 8 and 10 V become constant after one hundred seconds, whereas the reaction rate at V a = 15 V increases with anodization time. 
process is the formation of straight pores along the direction of the electric field producing the holes required for the etching reaction. This tendency is enhanced at higher anodization voltages, as in the case of InP porous structures formed in the dark. 25) On the other hand, the pores formed at V a = 15 V [ Fig. 3(c) ] had diminished linearity and size uniformity. This was probably because the lateral etching of the pore walls was enhanced by the generation of holes in the walls. From these results, we can conclude that pore morphologies are markedly affected by V a , and that electrochemical etching at V a = 10 V can achieve the formation of linear, uniform porous structures.
Figure 3(d) shows an SEM image of GaN porous structures formed with t a = 2400 s and V a = 10 V. As compared with those of the sample shown in Fig. 3(b) , the pore diameter and linearity of the structures shown in Fig. 3 remained unchanged, but the pore depth increased with t a . Figure 4 shows the relationship between pore depth and the density of charges, Q, passing through the working electrode during anodization. We found that the pore depth increased linearly with Q. Considering the proportional relationship between the amount of electrochemical reaction and Q, as described by Faraday's law, the electric charges contributed only to vertical etching, resulting in superior depth controllability. The pore diameter, however, could not be controlled throughout the electrochemical etching in the dark.
To investigate the feasibility of diameter control, the photoassisted electrochemical etching was next conducted in the front-side illumination mode. Figures 3(e) and 3(f) show SEM images of GaN porous structures formed at V a = 10 V and t a = 2400 s, under monochromatic light with energy hν values of (e) 3.54 and (f) 3.26 eV. Under illumination with hν = 3.54 eV, which is larger than the band gap E g of GaN, only pores near the top surface were affected by the light. In other words, the pore diameter increased only in the top region, to a depth of about 200 nm, as compared with that of the samples formed in the dark. From SEM observations, an average pore diameter of 50 nm was obtained in the top region, which is approximately 30 nm larger than the pore diameter in the deeper region. On the other hand, under illumination with hν = 3.26 eV (< E g ), the pore diameter increased to approximately 40 nm throughout the entire porous layer. Figure 5 shows the average pore diameter plotted as a function of the light intensity P IN . We found that the pore diameter increased linearly with P IN . These results clearly indicate that using light with hν below the band gap of GaN enables the tuning of the diameter without diminishing the linearity or depth controllability of the pores.
Spectro-electrochemical properties
To clarify how the photoabsorption process affects electrochemical reactions, spectro-electrochemical measurements were conducted on planar GaN substrates. Figure 6 (a) shows transmittance spectra for T 0V and T 10V obtained by applying anode voltages of V a = 0 and 10 V, respectively, in the electrochemical setup shown in Fig. 1 . We could observe a strong dependence of the transmittance on V a at around 3.3 eV. The transmittance difference T 0V -T 10V is plotted in Fig. 6(b) as a function of the photon energy hν. The difference was almost zero at energies higher than E g because of absorption by the bulk GaN. On the other hand, larger differences could be observed at energies below E g , reaching a maximum at around 3.3 eV and decreasing as hν decreased . These results indicate that photoabsorption near the band edge can be enhanced by the electric field mostly applied at the GaN/electrolyte interface.
One possible phenomenon to explain the above results is the Franz-Keldysh effect, which causes the redshift of the absorption edge under a high electric field, leading to the occurrence of absorption below the bulk band gap E g . 26, 27) Generally, a high electric field is applied by the formation of a potential barrier of about 1.0 eV at the GaN/electrolyte interface. 28, 29) When the doping density is as high as 10 18 cm -3 , for example, the internal electric field in a thin depletion layer with a width of several dozen nanometers reaches 5 × 10 5 V/cm. In such a situation, the electron and hole wave functions become Airy functions, which extend into the band gap, enabling band-to-band transition at energies below E g . In the depletion region, the Franz-Keldysh relative absorption coefficient α can be approximated as 30, 31) 
Here, α 0 is the absorption coefficient at hν = E g , and ΔE g is the redshift energy of the absorption edge, expressed by
where q, ћ, ξ, and m* are the elementary charge, Dirac's constant, electric field, and effective mass, respectively. The transmittance T is expressed as a function of the reflectance R, absorption coefficient α, and optical path length x, as follows:
Through calculations using Eqs. (1)- (3), we estimated the transmittance difference T 0V -T 10V , plotted in Fig. 6(b) with a dotted line. The experimental data are very consistent with the prediction of the Franz-Keldysh effect. In the case of illumination with hν > E g [case (i)], T 0V -T 10V was almost zero since all photons were absorbed near the surface. For illumination with E g -ΔE g < hν < E g [case (ii)], the photons penetrated through the bulk GaN but were absorbed at the GaN/electrolyte interface only under a high electric field because of the Franz-Keldysh effect. In that situation, T 0V -T 10V increased up to an observable level, as shown in Fig. 6(b) . Finally, for illumination with hν < E g -ΔE g [case (iii)], since photons were not absorbed either in the bulk GaN or at the GaN/electrolyte interface, T 0V -T 10V decreased again. These results suggest that light with E g -ΔE g < hν < E g plays an important role in the photoassisted electrochemical process.
Formation mechanism of GaN porous structures
To investigate the possibility of applying the Franz-Keldysh effect, we calculated the potential distribution of GaN porous structures in an electrolyte by solving a 3D Poisson equation. Figure 7(a) shows the potential distribution of the conduction band minimum measured from the Fermi level, E C -E F , with the solid lines indicating contours at 0.2, 0.4, 0.6, 0.8, and 1.0 eV. The pore pitch, depth, and potential difference between the GaN and electrolyte were specified as 25 nm, 50 nm, and 1.0 eV, respectively. Although no external voltage is applied, the potential distribution is strongly modified near the pore tips, where the contour intervals become narrow. Figure 7 (b) shows cross-sectional potential distributions obtained at the top surface (line i) and pore tips (line ii). The potential variation at the pore tips is much larger than that at the top surface, reflecting the high electric field applied to the tips.
On the basis of the above discussion, we propose a formation model for GaN porous structures. For formation in the dark, the electrochemical etching is performed by the carriers generated by the avalanche effect induced by the concentrated electric field at the pore tips. Since the electric fields at the pore walls and top surface are small, the electrochemical etching proceeds only in the depth direction at the pore tips. That is why the process of forming GaN porous structures in the dark can achieve superior linearity and depth controllability but cannot vary the pore diameter. Under illumination with hν > E g , photons are preferentially absorbed near the top surface because of band-edge absorption. Photogenerated carriers are then transferred to the top surface and pore walls by the electric field, and contribute to the electrochemical etching. This explains the larger pore region with a thickness of 200 nm, a value consistent with the light penetration depth in GaN [see Fig. 3(e) ]. Under illumination with E g -ΔE g < hν < E g , however, photons are transmitted in the top region but absorbed only at the pore tips where a high electric field is applied. In this situation, the photocarriers generated by the Franz-Keldysh effect are consumed at the pore tips and assist the electrochemical etching. As seen from Fig.  5 , in fact, the pore diameter increased with the light intensity, as the number of carriers contributing to the electrochemical etching increased. This formation model can consistently explain both the experimental results and the theoretical model, enabling us to conclude that the application of the Franz-Keldysh effect is useful in controlling the structural properties of GaN porous structures.
Conclusions
Porous structures in GaN were formed by electrochemical etching under various conditions. Pore linearity and depth controllability were improved by selecting an appropriate anode voltage V a . In addition, we succeeded in controlling the pore diameter by using light with hν below the band gap. Spectro-electrochemical measurements revealed that the high electric field induced at the GaN/electrolyte interface caused a redshift of the photoabsorption edge. This specific phenomenon could be consistently explained by a theoretical calculation based on the Franz-Keldysh effect. On the basis of the results of our experimental and theoretical analyze, we proposed a formation model for GaN porous structures. We also concluded that the application of the Franz-Keldysh effect is useful in controlling the structural properties of GaN porous structures. 
